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Abstract 
As the atmospheric levels of CO2 rise from human activity, the carbonic acid levels of the ocean 
increase, causing ocean acidification. This increase in acidity breaks down the calcified bodies 
that many marine organisms depend upon. Upwelling regions such as Monterey Bay in 
California have pH levels that are not expected to reach the open ocean for a few decades. This 
study reviews one of the common intertidal animals of the California coast, the Owl Limpet 
Lottia gigantea, and its genetic variation of the plasma membrane Ca2+ ATPase (PMCA) in 
relation to the acidity of its environment. The PMCA protein functions in the calcification 
process of many organisms. Specifically in limpets, this gene functions to form its protective 
shell. Single-nucleotide polymorphisms (SNPs) were found among five sections of the gene to 
determine variation between the acidic environment population in Monterey, California and the 
non-acidic environment population in Santa Barbara, California. While some variation was 
determined, the Monterey Bay and Santa Barbara Lottia gigantea populations are not 
significantly distinct at the PMCA gene. Sections B, C, and D were found to be linked. Only one 
location in Section B was found to have an amino acid change within an exon. Section A has the 
strongest connection to the sampling location. Monterey individuals were seen to be more 
genetically recognizable, while Santa Barbara individuals showed slightly more variation. 
Understanding the trends of ocean acidification, upwelling region activities, and population 
genetics will assist in determining how the ocean environment will behave in the future.  
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Introduction 
Ocean Acidification 
 Ocean acidification is the result of carbon dioxide and water combining to form carbonic 
acid, which easily dissociates in water to form hydrogen ions and bicarbonate, thus increasing 
the acidity of water. This has negative impacts on organisms that rely on calcium carbonate 
shells, impacting corals, clams, some plankton, and many molluscs, such as limpets. Ocean 
acidification causes other forms of stress on organisms other than impacting the calcification 
process. A lower pH can alter how individuals distribute energy (Wood et al., 2008) and can 
cause lower growth, reproductive, and survival rates (Kroeker et al., 2010). The change in 
environmental pH levels can also alter the acid-base balance in extracellular body fluids 
(Kroeker et al., 2010).  
 The ocean absorbs about 25% of the carbon dioxide emitted by humans, which adds up to 
an economic value between $60-$400 US billion dollars a year (Laffoley and Baxter, 2009). 
Most of carbon dioxide emitted in the United States results from fossil fuel combustion, the 
majority of which is a product of electricity generation (USA, EPA). The use of coal contributes 
the most to electricity generation, followed by natural gas and petroleum (USA, EPA). Other 
major contributors to carbon dioxide emissions are non-energy use of fuels, iron and steel 
production, cement manufacture, natural gas systems, municipal solid waste combustion, and 
lime manufacture (USA, EPA). The amount of carbonic acid will only increase with time as long 
as carbon dioxide levels continue to rise. Already, the ocean has seen a drop in pH of 0.1 units in 
the last 200 years, and is expected to reduce 0.2 to 0.3 units this century (Haugan and Drange, 
1996). This would be a 100% to 150% increase in [H+] (Orr et al., 2005). 
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 The acidity of the ocean is approaching dangerous levels that may kill many of the 
calcium-carbonate dependent organisms. By 2100, 70% of cold-water corals may live in 
damaging acidic waters (Laffoley and Baxter, 2009). Scientists around the globe are realizing the 
implications of ocean acidification that preliminary studies have shown. Projects intended to 
study the impacts of acidification have begun around the world, from the European Project on 
Ocean Acidification (EPOCA) to China’s 34 million RMB and multi-institutional CHOICE-C 
program, with many more organizations and programs in Germany, Korea, Australia, and Japan, 
among others. The United States has also taken recent action as President Obama signed the 
Federal Ocean Acidification Research and Monitoring Act (FOARAM Act) in March of 2009 
(Laffoley and Baxter, 2009). 
 The need for these organizations and legal action regarding ocean acidification show the 
pressing demand for understanding what ocean conditions will be in a hundred or more years. 
Many rely on the oceans for their livelihood, nourishment, and recreation. Fisheries supply more 
than 2.9 billion people with at least 15 percent of their average annual animal protein (FAO, 
2008) and 1 billion people depend on fisheries as their primary protein source (Turley, 2004). 
Thus, acidification of the ocean has profound global impacts. In 2007, the first-sale revenue of 
commercial fisheries was about 4 billion dollars in the United States (Winner, 2010). Four major 
commercial groups contributed to this revenue, including crustaceans and molluscs, which both 
undergo calcification processes. These fisheries are directly threatened by ocean acidification. 
The marine food web is expected to undergo heavy changes because the other two major groups 
in the fisheries list (calcifers’ predators and top predators) are expected to be under heavy 
pressure from the rise of acidity as their food sources become depleted (Winner, 2010). Ocean 
acidification directly impacts the calcification process, which can result in further impacts, 
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because ecosystem services (such as nursery habitats and filtering) will be less viable with a 
decline in overall ecosystem biodiversity (Worm et al., 2006). Understanding how the resources 
we depend on will be affected by acidification will allow us to better prepare for a decrease in 
biodiversity and hopefully prevent mass extinction. Each species or population loss accelerates 
the decrease of a system's productivity and stability (Worm et al., 2006). 
 The California coast provides a productive environment for many marine intertidal 
organisms along a latitudinal gradient. Along the coast are multiple regions of extreme 
upwelling, such as Monterey Bay, that bring deep, cold, acidic water up to the surface. In 
predicting a location where organisms are adapted to acidic waters, Monterey Bay is an ideal site 
because it maintains a pH of about 7.90 (Hauri et al., 2009). Further south, Santa Barbara has 
much less upwelling activity, and therefore a lower acidity with a pH at about 8.06 (Hauri et al., 
2009). The ecosystems at both locations are very similar since they share the same current 
system and similar environments. It is these shallow coastal waters, along with the euphotic 
zone, that is expected to be the most sensitive to an acidified ocean because deeper waters are 
accustomed to a larger variation of pH and have a higher tolerance for such changes (Haugan and 





 The genome of the limpet Lottia gigantea was fully sequenced because it, “is an 
emerging model in evolution and development, ecology, and conservation” (Lottia, JGI). It is 
one of the only marine organisms to have a completely sequenced genome. Therefore, genetic 
research on L. gigantea has a great potential to answer questions about this species, other 
molluscs, and similar organisms. Molluscs provide an array of services to the ocean ecosystem as 
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well as to the economy. The mollusc shell is responsible for an ecological and morphological 
diverse set of species within the phylum Mollusca because it has evolved relatively easily into a 
wide variety of forms (Jackson, 2007). This great diversity assists in the survival and success of 
the phylum. The genus Lottia is both evolutionarily recent and very diverse, which allows its 
genetic studies to serve as a strong reference for the investigation of many other organisms 
(Lottia, JGI). Limpets are found in intertidal regions around the world, and in some locations are 
considered a delicacy. They are relatively easy to collect as they are found at the high intertidal 
zone (1 to >1.5m high), which is accessible by foot, and can be pried off of the intertidal rocks 
(Watanabe, SeaNet). Its shells are crucial in contributing to the success of the limpet as they 
serve to protect the organism from wave disturbance, predation, and desiccation.  
 Molluscs form their shells by secreting three layers, an organic layer (the periostracum), a 
prismatic calcite or aragonite layer along the edge of the mantle, and an inner layer of thin 
crystalline sheets made by the inner surface of the mantle (Morton, 1967). Of these layers, 90% 
of the weight is from aragonite and/or calcite, with the remaining portion composed mainly of 
glycoproteins (Clarke, 1988). The severity of ocean acidification on a shell depends on the form 
of calcium carbonate (Kroeker et al., 2010). Limpets are likely to be more susceptible since they 
are made up of aragonite and calcite, which are less resilient than other forms, such as high-
magnesium calcite (Kroeker et al., 2010). The limpet shell grows by peripheral enlargement 
(Clarke, 1988). The calcium carbonate crystal growth occurs through holes of the proteinaceous 
matrix (Morton, 1967). The site of shell formation is a thin layer of fluid of the extrapallial space 
between the mantle and the inner shell. Calcium is taken in from food sources and from the 
surrounding water, while carbonate is stored in the mantle (Morton, 1967).  
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 The survival of the Lottia trochophore larvae is of particular concern when considering 
ocean acidification because early life history stages tend to be more sensitive to environmental 
conditions and lower pH levels (Kroeker et al., 2010). Also, because L. gigantea is not highly 
mobile and tends to stay near its home scar (a specific depression made in the rock where an 
individual returns to daily), it is more prone to ocean acidification effects than more active 
species (Kroeker et al., 2010). 
 
The PMCA Gene  
 The plasma membrane Ca2+ ATPase 
(PMCA), a transport protein that pumps 
calcium out from the cytosol of cells, is 
partly responsible for the ability of a 
limpet to calcify its own shell. PMCA 
proteins are found in vertebrates,  
nematodes, protists, yeasts, and plants  
(Zoccola et al., 2004). Although other 
genes and processes control calcification, 
the PMCA is highly conserved among 
eukaryotes and plays a vital structural role. This thesis is the first known example of a study with 
the PMCA gene in the Lottiidae family. Figure 1 shows a model of the structure of the conserved 
PMCA gene. When activated by a calcium-calmodulin complex, an extensive conformational 
change forms a large loop on the cytosolic side between transmembrane regions 4 and 5 (Strehler 
and Zacharis, 2001). On Figure 1, point P indicates the site of obligatory aspartyl-phosphate 
Figure 1 Calcium-calmodulin activated two- 
dimensional PMCA model. Borrowed from 
Strehler and Zacharis, 2001. 
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formed when the Calcium-ATPase pump is functioning. Thus, the specific sections of the 
PMCA gene for in-depth review in this study were chosen to be on the sites of activation as 
these are more likely to be at the root of the calcifying process. Sections A, B, C and D were 
taken from the large loop between regions 4 and 5, which is expected to be the main site of 
influence. Section E was taken from the first long cytosolic loop between regions 2 and 3 as this 
site also changes conformation during activation (Strehler and Zacharis, 2001). Single Nucleotide 
Polymorphisms (SNPs), variations in the DNA sequence at one nucleotide, were located within 
these five sections and compared to indicate variation and determine haplotypes.  
 This study will further the research of limpets, the PMCA gene, and knowledge of 
organisms in upwelling regions and their adaptations to acidic conditions, which in the future 
may be found across the globe.  
 
Materials and Methods 
DNA from 60 L. gigantea were collected—30 
from Monterey, California and 30 from Santa 
Barbara, California (Figure 2). The individuals in 
Monterey were collected at Hopkins Marine 
Station and those in Santa Barbara were 
collected just north of Refugio State 
Beach. Individuals were pried off the 
intertidal rocks, scraped for DNA with a 
syringe needle, and returned to their 
Figure 2  
Modeled surface pH values of the California 
coastline in August. Sampling sites are identified 
with arrows. Note the low pH in Monterey Bay 
and the higher pH in Santa Barbara. Map modified 
from Hauri et al., 2009. 
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original locations. DNA samples were stored in 70% ethanol until extraction with a standard 
NucleoSpin protocol. The extracted DNA was then amplified through PCR with Biometra 
TGradient thermal cyclers. The master mix components per sample are described below in Table 
1 and the PCR cycle is described in Table 2.   
       Table 1                Table 2 








PCR products were then verified with an agarose electrophoresis test, using 2 µl of EZ-Vision 
and 4 µl of PCR product. Five sets of primers were designed to focus on five regions of the 
PMCA gene (Table 3). Primers were designed by first locating the desired section of the L. 
gigantea published sequence in the Joint Genome Institute database by completing a nucleotide 
blast with the PMCA gene of the Pearl Oyster Pinctada fucata found by Wang et al., 2008. The 
P. fucata sequence was used 
because its PMCA gene sequence 
had the highest correspondence to 
the L. gigantea sequence. Once 
located, large segments of exons 
were grouped and labeled (Figure 
3). Primers were designed by 
HPLC Water 10.8 µl 
10X Buffer 02.0 µl 
BSA 02.0 µl 
MgCl2 01.6 µl 
Forward Primer 01.0 µl 
Reverse Primer 01.0 µl 
dNTPs 00.4 µl 
Fermentas Taq 00.2 µl 
DNA template 01.0 µl 
95°C 2 minutes 
95°C 30 seconds 
52°C 30 seconds 
72°C 40 seconds 
Go to Step 2 39 additional times 
72°C 2 minutes 
Figure 3 Intro-exon structure of the PMCA gene of 
Lottia gigantea. Red boxes show exons and thin black 
lines show the introns. Modified from the Joint Genome 
Institute, US Department of Energy. 
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Integrated DNA Technologies PrimerQuest and received through Invitrogen. Sections A, B, C, 
and D were expected to be of higher importance since they correspond with the large cytosolic 
loop of the gene that is thought to be the regulatory domain of the PMCA gene (Strehler and 
Zacharis, 2001). Primers were designed to contain the majority of these exons and were tested 
for amplification. PCR products were cleaned with AMPure beads and sent to Sequetech in 
Mountain View, California to be sequenced. Results were edited and reviewed in Sequencher 
version 4.10.1 (Gene Codes, Ann Arbor, MI, USA). Single Nucleotide Polymorphisms (SNPs) 
were identified and recorded (Table 4). The locations of the SNPs within the PMCA nucleotide 
code were noted to distinguish silent SNPs from active SNPs. Each individual was identified 
based on its nucleotide make-up at each site where a SNP was discovered. Table 5a shows the 
sequence data for each individual from Monterey at each SNP location in each section. Table 5b 
shows the data for each individual from Santa Barbara. The program DNAsp was used to sort 
haplotype data, such as number of haplotypes (Table 6), individual haplotype identification, and 
haplotype diversities (Table 7) (Rozas, 2003). A haplotype network was created from the 
haplotype data to represent the differences between haplotypes at each section and each location 
(Figure 4). ARLEQUIN v. 3.0.1, a software package for population genetics data analysis, was 
used to calculate fixation index (FST) values, the Hardy-Weinberg equilibrium status of the 
populations (Table 8), expected heterozygosity (Table 9), the diversity at each section (theta H) 
(Table 10), average gene diversity, and significant linkage disequilibrium among sections (Table 
11) (Excoffier, 2005). The likelihood of individual genotypes in all populations was also 
calculated in ARLEQUIN (Petkau et al., 1995, 1997a; Waser and Strobeck 1998), and charts 
were created to represent the likelihood of the two locations (Figures 5-7). To check for 
statistical significance, a Chi-square test was used to clarify ambiguities seen in figures 5-7. For 
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further analysis and due to a low sample size, a Fisher’s exact test was used to determine if the 




Table 4 shows a summary of the variation found at each section and the characteristics of that 
section. Overall, the selected sequences show little variation between the Monterey Bay L. 
gigantea population and the Santa Barbara L. gigantea population. With 13 haplotypes in 
Monterey and 10 in Santa Barbara, the number of haplotypes of each population does not notably 
vary (Table 6). The haplotype network shows similar percentages of each haplotype at each 
population with some differences (Figure 4). The majority of haplotypes were evenly distributed 
among each section. The largest difference in number of haplotypes was in section B where 
Monterey showed 5 and Santa Barbara showed 2. Each other section only varied by at most one 
more haplotype. Haplotype Diversity is not significantly different between Monterey and Santa 
Barbara, although Santa Barbara has a slightly higher diversity than Monterey (Table 7). The 
largest distance was a 0.0819 difference in diversity at section D. Section E showed no 
differences between populations. Lack of significant difference is also seen in the average gene 
diversity over loci, with Monterey showing a value of 0.31257 and Santa Barbara, a value of 
0.341667. 
 Only sections B and D had SNP variation within the exons, and the only amino acid 
change was found in one codon of section B. The two changes in the section D exons resulted in 
individuals with either a GAT (Aspartic acid) or GAC (Aspartic acid) and individuals with either 
an ATC (Isoleucine) or ATT (Isoleucine). The variable codon of section B is primarily CGT 
(Arginine) but could be ATT (Isoleucine), AGT (Serine), or CTT (Leucine). Only the Monterey 
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population displayed this variation: the Santa Barbara population was monomorphic at this 
position. 
 ARLEQUIN showed that the fixation index (FST) comparing the Monterey PMCA gene 
to the Santa Barbara PMCA gene is -0.00954 with a p-value of 0.765. The Hardy-Weinberg 
equilibrium for each population was also calculated by ARLEQUIN. The observed and expected 
values for each section in each population were all very similar, indicating that external variables 
did not influence the results and that the genotypic frequencies are very similar to those expected 
in a population at Hardy-Weinberg equilibrium (Table 8). The largest distance of observed and 
expected values in Monterey was 0.04 at section B and in Santa Barbara was 0.06 at section B. 
The shortest distance of observed and expected values in Monterey was 0.02 at section D and in 
Santa Barbara was 0.02 at section A. The expected heterozygosity of each section at each 
population are similar values, the farthest difference being 0.08 at section D and the closest being 
0.02 at section A between locations, suggesting that the sampled population is likely at a steady 
evolutionary state and not subject to non-equilibrial forces such as inbreeding (Table 9). Another 
calculation, theta (H), which is a measure of the diversity at each section, confirms the slightly 
higher diversity of the Santa Barbara population, with a mean of 0.52 diversity compared to a 
value of 0.45 in Monterey (Table 10). The largest theta value was 1.0 for section A in Santa 
Barbara, while the lowest was 0.27 for section D in Monterey. In both Monterey and Santa 
Barbara, sections B, C, and D are all highly linked while section A is not (Table 11).  
 Figure 5 displays the likelihood of individual genotypes in graphical form for all 
reviewed sections of the PMCA gene. Of the 30 individuals from Monterey, 25 were assigned to 
the Monterey population; eight of these were significantly identified. By contrast, of 30 Santa 
Barbara individuals 14 were assigned to Santa Barbara; six of these were significantly identified. 
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The chance that 25 of 30 Monterey individuals would be assigned back to Monterey is p=0.006, 
suggesting that there is a subtle signal of differentiation in these data not visible in other, less 
sensitive analyses. By contrast, 14 assignments of Santa Barbara individuals back to Santa 
Barbara is about what is expected by random chance (p=0.79). 
 To account for possible linkage of the B, C, and D sections apart from the A section, 
Figure 6 shows the likelihood of population identification only looking at sections B, C, and D. 
Twenty-four Monterey individuals were assigned to Monterey, seven of which were significant. 
Twelve Santa Barbara individuals were assigned to Santa Barbara, three of which were 
significant. Figure 7 shows the likelihood of population identification only looking at section A. 
All of the Monterey individuals were assigned to Monterey, with only one being significant. 
Only three of the Santa Barbara individuals were assigned to Santa Barbara. However, each of 
these was significant, suggesting that section A of the PMCA gene has the strongest probability 
of identifying individuals to a specific location, but that the signal of local identification occurs 
in sections B, C, and D as well. 
 A Chi-square test was used respective to each likelihood of individual genotype figure. 
Through these tests, the combination of all sections was shown to be linked to the sampling 
location each individual was collected at (X2 = 8.066, p <0.05, d.f. = 1, Chi-square test). 
However, the linkage of section A (X2 = 48.60, p <0.05, d.f. = 1, Chi-square test) was shown to 
be much stronger than the relationship of sections B, C, and D to each sampling location (X2 = 
9.600, p <0.05, d.f. = 1, Chi-square test).  
 The Fisher’s exact test showed a significant change at the haplotype referred to as 1111 
(for simplicity reasons, sections listed in alphabetical order ABCD) when compared with 
haplotype 2111 with a p-value of 0.036 (Table 12). The Fisher exact tests comparing 2332 with 
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2411 and comparing 2332 with 2111 showed significant p-values of 0.0545 and 0.0112, 
respectively.  
 The full sequences of every individual for each reviewed region of the PMCA gene (A, 





The Lottia gigantea populations in Monterey Bay and Santa Barbara show low variation at the 
plasma membrane Ca2+ ATPase (PMCA) gene. Of the polymorphisms that do occur, an even 
lower percentage occurs at an exon, and only one of these has any amino acid change. This 
change occurred at Section B and further investigation is needed to indicate if this amino acid 
change (from Arginine, to Isoleucine, Serine, or Leucine) results in a phenotypic and fitness 
change. This change only occurred in Monterey, the more acidic environment, although it is 
likely that other aspects of the environment vary as well. However, it is unlikely that a genetic 
change of the calcification gene of L. gigantea occurred because of acidification, simply because 
it is not in every individual (i.e., it is not fixed) and is only one change out of potentially many.  
 The fixation index (FST) was calculated to be near 0, indicating that there is no significant 
population structure between the two locations for this particular gene. Thus, the variation was 
not large enough to consider each population as distinct at the genetic level. Values such as a low 
theta (H) difference of only 0.07 and the haplotype diversity were not significantly dissimilar, 
though the theta values did show Santa Barbara as being slightly more genetically diverse than 
Monterey. Therefore, although trends and comparisons can be made, they are not strong enough 
differences to suggest functional differences between locations. Calculations such as Hardy-
Weinberg and expected heterozygosity of these genetic markers show the populations are not 
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significantly different from one another, and that there is no evidence of local selection within 
these two sites.  
 One of the key results from this study indicating a need for further investigation of the 
PMCA gene in L. gigantea is the significant linkage between sections. This is because sections 
B, C, and D are highly linked while section A is not. Although this component does not 
necessarily relate to the difference between the two Californian populations, because this study is 
the first to look at this gene in this species, the discovery of this anomaly is important.  
 The likelihood of individual genotype identification graphs (Figures 5 through 7) indicate 
subtle distinctions between the two populations: Monterey individuals are significantly 
recognizable as originating in Monterey whereas Santa Barbara individuals are not recognizable 
as originating from Santa Barbara. Of those few that are assigned to Santa Barbara, more are 
significant. However, overall, more individuals are assigned to Monterey.  
 It appears that section A creates more distinction between the two populations than does 
the combination of sections B, C, and D. Yet no section or combination of sections of the PMCA 
gene can be used to identify an individual with complete certainty to a specific location, as 
portrayed by the graphs. However, as all individuals assigned to Santa Barbara were significantly 
identified, any variation in section A shows the strongest likelihood that an individual can be 
assigned to either the Monterey or the Santa Barbara population.  
 The Chi-square tests reinforce this interesting relationship, showing that section A is 
especially connected to the sampling locations. It shows that all the sections are linked to 
sampling location, but to varying degrees. Sections B, C, and D are linked more closely when 
section A is excluded. Yet section A has the strongest connection overall. Although the Chi-
square tests do show significant relationships between the sections and the sampling locations, 
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because most individuals (from Santa Barbara and from Monterey) can be assigned to the 
Monterey population, especially when considering all sections together, the FST is still 0 and 
shows no distinct population structure. However, within each population, Monterey individuals 
are slightly more genetically recognizable than Santa Barbara individuals.  
 The number of haplotypes is very small and those found did not show much difference. 
Sample size could be a notable factor limiting statistical power to distinguish between 
populations. Thus, to account for this, as well as to better understand the distribution of multi-
locus genotypes and where the difference in linkage is occurring, the Fisher’s exact test was used 
to focus on the relationships between specific haplotypes. Through the Fisher’s exact test, the 
only single locus change between haplotypes that proved to have a significant change was at the 
A section (2111 and 1111 as well as 2332 and 1332). The comparisons of 2332 with 2111 and of 
2332 and 2411 further support the suggestion that sections B, C, and D are linked separately 
from section A.  
 Although the reviewed sections of the PMCA gene in L. gigantea were not highly 
polymorphic, the trends, discoveries of linkages, and overall analysis of this gene were key in 
starting to understand the limpet calcification process at the genetic level. This study can be 
furthered by including owl limpets from multiple locations around the world that may be 
experiencing different acidification rates. A physiological study reflecting any results at the 
genetic level would also be constructive for developing a comprehensive understanding of local 
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Conclusion 
 
This study took a first in-depth look at the calcification gene of L. gigantea and through some 
valuable findings paved the way for future investigations. The Monterey Bay and Santa Barbara 
Lottia gigantea populations are not significantly distinct at the PMCA gene. Some variation was 
found, such as four amino acid changes in the Monterey Bay population at section B. Sections B, 
C, and D are linked and showed greater differences between the populations than the more 
conserved sections A and E, suggesting that local adaptation may be occurring, although this 
study lacked statistical power to determine this. Section A is the portion of the PMCA gene that 
is most likely to correctly assign an individual to a sampling location. The Santa Barbara 
population showed slightly greater genetic diversity than the Monterey population. Further 
studies are expected to show more relations and trends to completely uncover how the limpet 
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Primer Sequences Corresponding to Location within the PMCA gene 
Section Label Primer Sequences Section No. of Reference 
      Length Exons   
A A_Forward  5'‐CACCAGATGTAGAAGGAGGTTTACCG‐3'  805  3  This Paper 
  A_Reverse 5'‐CTACCTCATCTCTTACTGGATCCTC‐3'      This Paper 
B B_Forward 5'‐ATGCTATTAAGAAATGTAAAGCAGCAGG‐3'  503 2 This Paper 
  B_Reverse 5'‐CATAGCGAAACCAACATCAGCTT‐3'      This Paper 
C C_Forward 5'‐TGTTACAGGTACTGCTATTGCTGTATTAAC‐3'  659 2 This Paper 
  C_Reverse 5'‐ATCTTACCTCCTAAGTAACTCTTTACAGC‐3'      This Paper 
D D_Forward 5'‐GGACAGTCCTTTGAGAGCTATTCAG‐3' 647 2 This Paper 
  D_Reverse 5'‐CATTACATCCTAGATTACCTACCTGAGC‐3'     This Paper 
E E_Forward 5'‐GTCCTTTCCATTACAGGTCATGATGAAGAG‐3' 258 1 This Paper 























A 805 136 5 0 5 0 
B 503 92 2 2 6 4 
C 659 114 2 0 3 0 
D 647 138 2 0 3 0 
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Table 5a 
 
Sequence Data for Each Monterey Individual at SNP Locations within the PMCA Gene 
Section A         B       C   D   
Position 235 236 377 412 670 255 296 359 360 163 209 40 178 
M1 A C C C C/A A A C G A A T C 
M2 A C C C C A A C T/G A A T/C C 
M3 A C C C C/A A A C G A A T C 
M4 A C C C C/A A A C G A A T C 
M5 A C C C C A A C/A T/G A A T C 
M6 A C C C A A A C/A T/G A A T/C C 
M7 A C C C C A A C G A A T/C T/C 
M8 A C C C C/A A A C G A A T C 
M9 A C C C C/A A A C T/G A A T C 
M10 A C C C C A A C G A A T/C C 
M11 A C C C C/A A A/G C G C/A A T C 
M12 A C C C A A A/G C G C A T C 
M13 A C C/T C C A A C G A A T C 
M14 A C C C C/A A A C G A A T/C T/C 
M15 A C C C C A A/G C G C/A A T/C C 
M16 A C C C C/A A A/G C G C/A A T C 
M17 A C C C C/A A A C/A G A A T C 
M18 A C C C C A A C G A A T C 
M19 A C C C C/A A A C G A A T C 
M20 A C C C C A A C G A A T/C C 
M21 A C C C C A A C G A A T C 
M22 A C C C C A A C G A A T/C C 
M23 A C C C C/A A A/G C G C/A A T/C C 
M24 A C C C C A A C/A T/G C/A A T C 
M25 A C C C C/A A A C G A A T C 
M26 A C C C C A A C G A A T C 
M27 A C C C C/A A A C G A A T/C C 
M28 A C C C C A A C G A A T C 
M29 A C C C C/A A A C G A A T C 
M30 A C C C C/A A A C G A T/A T C 
Note: Highlighted columns represent the region in Section B that showed the only amino acid 
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Table 5b 
 
Sequence Data for Each Santa Barbara Individual at SNP Locations within the PMCA Gene 
Section A         B       C   D   
Position 235 236 377 394 670 255 296 359 360 163 209 40 178 
SB1 A C C C C A A C G A A T C 
SB2 A C C C C/A A A/G C G A/C A T/C C 
SB3 A C C C C/A A A C G A A T C 
SB4 A C C C A A A C G A A T C 
SB5 A C C T/C C A A C G A A T C 
SB6 A/G A/C C C C/A A A/G C G A/C A T/C C 
SB7 A C C C C/A A A/G C G A A T/C T/C 
SB8 A C C C A A A C G A A T C 
SB9 A C C C C/A A A C G A A T C 
SB10 A C C C C A A/G C G A/C A T/C C 
SB11 A C C C C A A C G A A T C 
SB12 A C C C A A A C G A A T C 
SB13 A C C C C A A C G A A T C 
SB14 A C C C C/A A A/G C G A A T/C T/C 
SB15 A C C C C/A A A/G C G A/C A T/C C 
SB16 A C C C C A/T A/G C G A A T C 
SB17 A C C C C/A A A C G A A T C 
SB18 A/G A/C C C C/A A A C G A A T C 
SB19 A C C C C/A A A C G A A T C 
SB20 A C C C C A A/G C G A/C A T/C C 
SB21 A C C C C A A C G A A T C 
SB22 A C C C C/A A A/G C G A/C A T/C C 
SB23 A C C C C A A/G C G A/C A T/C C 
SB24 A C C C C/A A A C G A/C A T C 
SB25 A C C C C/A A A C G A A T C 
SB26 A C C C C A A C G A A T C 
SB27 A C C C C/A A A/G C G A/C A T/C C 
SB28 A C C C C/A A A C G A A T C 
SB29 A C C C C A A C G A A T C 
SB30 A C C C C A A C G A A T C 
Note: Highlighted columns represent the region in Section B that showed the only amino acid 
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Table 6 
      Number of Haplotypes Per Section in Each Sampling Location 
  A B C D E 
Monterey 3 5 3 2 1 
Santa Barbara 4 3 2 3 1 






      Haplotype Diversity per Section and Sampling Location 
  A B C D E 
Monterey 0.4627  0.3277  0.239  0.2096  0 





 Monterey          Santa  Barbara   
Section Observed Expected p‐value s.d. Observed Expected p‐value s.d. 
A 0.50 0.47 1.0 0.0 0.53 0.51 0.89 0.0 
B 0.37 0.33 1.0 0.0 0.36 0.31 0.63 0.0 
C 0.20 0.24 0.41 0.0 0.30 0.26 1.0 0.0 
D 0.23 0.21 1.0 0.0 0.33 0.29 1.0 0.0 






      Expected Heterozygosity 
Section Monterey Santa Barbara Mean  s.d. 
A 0.47 0.51 0.49 0.02 
B 0.33 0.31 0.32 0.01 
C 0.24 0.26 0.25 0.01 
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Table 10 
      Theta (H) (Diversity at each section) 
Section Monterey Santa Barbara Mean s.d. 
A 0.90 1.0 0.96 0.09 
B 0.49 0.45 0.47 0.03 
C 0.31 0.35 0.33 0.03 
D 0.27 0.41 0.34 0.10 





       Significant Linkage Between Sections 
      (Significance level: 0.05) 
Section 1 Section 2 Monterey Santa Barbara 
A B Not Linked Not Linked 
A C Not Linked Not Linked 
A D Not Linked Not Linked 
B C Linked Linked 
B D Linked Linked 





Fisher’s Exact Test Between Haplotypes 
Santa Barbara Haplotypes  
 2 1 1 1 2 3 3 2 1 1 1 1 4 1 1 1 5 1 1 1 2 3 1 3 2 6 1 1 2 1 3 1 
1 1 1 1 0.0367 0.1257 N/A 0.6451 0.4233 0.4234 0.6451 0.6451 
2 4 1 1 0.3331 0.0545 0.1572 0.3333 0.1667 0.1667 0.3333 0.3333 
2 1 1 1 N/A 0.0112 N/A 0.4426 0.1998 0.1998 0.4426 0.4426 
2 2 1 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
1 2 1 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
1 3 3 2 0.1161 0.0069 0.0294 0.2000 0.0667 0.0667 0.2000 0.2000 
1 1 3 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
3 1 1 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
2 3 3 2 3.7x1012 N/A 3.1x1011 0.9000 0.8181 0.8181 0.9000 0.9000 
1 5 1 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
1 1 1 2 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
2 2 3 2 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
Monterey 
Haplotypes 
1 1 2 1 0.5737 0.2000 0.3871 0.5000 0.3333 0.3333 0.5000 0.5000 
Note: Boxes highlighted in blue refer to changes only in section A, in yellow refer to changes 
only in B, in green refer to changes only in C, and in purple refer to changes only in D. The 
haplotype numbers are ordered according to section (A, B, C, D). Bolded and underlined values 
are significant values (p < 0.05), indicating changes not induced by chance.  
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Table 13a  






















































































































































































































































































































































































































































































Section A Sequences of Each Individual in Santa Barbara 
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Table 14a 
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Table 15a 
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Table 15b 
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Table 16b 
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Figure 4 
Haplotype Network of Each PMCA Section in the Monterey and Santa Barbara Populations 
 
 
Note: Orange represents percent of Monterey population individuals with that haplotype while 
blue represents percent of Santa Barbara population individuals with the denoted haplotypes. 









Log likelihood values of an individual being identified as from either Monterey or from Santa 
Barbara based on genotype. All reviewed sections of the PMCA gene are included in this graph. 
The diagonal line shows a one to one relationship. 25 of 30 Monterey individuals and 16 of 30 
Santa Barbara individuals are assigned to the Monterey population. 8 of the Monterey 
individuals are significantly assigned to Monterey and 6 of the Santa Barbara individuals are 
significantly assigned to Santa Barbara. Neither population shows a strong significant 
relationship of genotype to identification. The degree of similarity and individual identification 
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Figure 6 
 
Log likelihood values of an individual being identified as from either Monterey or from Santa 
Barbara based on genotype, focusing on sections B, C, and D. The diagonal line shows a one to 
one relationship. 24 of 30 Monterey individuals and 18 of 30 Santa Barbara individuals are 
assigned to the Monterey population. 7 of the Monterey individuals are significantly assigned to 






















Log likelihood values of an individual being identified as from either Monterey or from Santa 
Barbara based on genotypes of only section A of the PMCA gene. The diagonal line shows a one 
to one relationship. 30 of 30 Monterey individuals and 27 of 30 Santa Barbara individuals are 
assigned to the Monterey population. One of the Monterey individuals is significantly assigned 
to Monterey and all 3 of the Santa Barbara individuals assigned to Santa Barbara are significant. 
The chi square test of these results show that section A has the strongest connection to sampling 
location.  
